Paphiopedilum spicerianum (Rchb. f) Pfitzer has only one wild population with 38 individuals in Pu'er, southern China, and has been closely monitored under the Plant Species with Extremely Small Population project launched in 2005. Immediate conservation actions, including ex situ conservation, pollination observations, and studies of asymbiotic germination, reintroduction and relocation to new habitats have been conducted because the single existing population is threatened by habitat degradation. In this study, next generation sequencing by Illumina MiSeq with primer pair ITS-3 (F) and ITS-4OF (R) amplified ITS 2 region was conducted to identify and explore the associated uncultivatable fungal community structure and dynamics through seasonal and environmental changes. Assessments of the entire fungal communities from different seasons and habitats indicated that the communities were sensitive to changes in habitat but not to seasonal changes. Between plant roots and soil, two independent fungal communities and compartmentalization of microhabitats were detected. Hydrolysable nitrogen, total phosphorous, and water content were the most significant factors for fungal communities. Fungal community change could be related to nutrient requirements and plant phenology. Paphiopedilum spicerianum can associate with a wide range of orchid mycorrhizal fungal genera and is capable of utilizing different genera simultaneously. The low specificity to mycorrhizal fungi in adult Paphiopedilum spicerianum suggests that the choice of locations for new populations might be broader than initially anticipated.
Introduction
The family Orchidaceae, comprising more than 25,000 species, coexisting and affiliating with various habitats and organisms, is highly endangered group of plants due to habitat destruction and intense collection for wild products trade (Swarts and Dixon, 2009; Seaton et al., 2013) . Paphiopedilum, lady's slipper orchids, is a highly valued orchid genus in the horticulture industry (Yan, 2006) . Although the entire genus is listed under the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) Appendix I and II (Comps, 2013) , Illegal collection continues to threaten the survival of the wild populations (Clemente Muñoz, 2007) . Paphiopedilum spicerianum (Rchb. f) Pfitzer is an endangered species critically threatened by over collection and severe habitat destruction (Liu, 2009 (Ye, 2006; Ma et al., 2013) . Previous studies have characterized the pollination and reproductive ecology of P. spice, to the extent that an in vitro germination protocol has been developed (Chen et al., 2015) . However, orchids require specific and highly complex orchid mycorrhizal fungi to germinate and establish viable populations in the wild. This study is the first to describe the fungal community of P. spicerianum and how it changes in response to habitat and seasonal perturbations.
Establishing additional/rescue wild populations of P. spicerianum is a crucial step to advance the conservation of this species, particularly given that the last remaining wild population occurs in unprotected habitat (Santapau, 1969; Zeng et al., 2012) . Reintroducing plant species in the wild has generally been challenging, especially so for orchids (Godefroid et al., 2011) . Orchids have highly complex interactions with pollinators and mycorrhizal fungi, and reintroduction campaigns must account for these biotic relationships (Roberts, 2003; Phillips et al., 2014) . Orchid mycorrhizal fungi are bonded/necessary to seed germination success, with greater dependency observed in terrestrial than epiphytic orchids (Rasmussen, 1995) . Therefore, characterizing mycorrhizal fungi associated with wild P. spicerianum is necessary for successful translocation and reintroduction (Leake and Cameron, 2012) .
Uncultivable fungi constitute more than 90% of currently known fungi and advances in the past 20 years have made it possible to characterize these communities (Liu and Drake, 2008) . Metabarcoding is commonly used for fungal diversity studies, especially uncultivable fungi. The operational taxonomic units (OTU) database generated from the internal transcribed spacer (ITS) region of the nuclear ribosomal repeat units of fungi is now well established (Nilsson et al., 2008) . Next generation sequencing (NGS) provides the best route for examining diversity and abundance at the community level for orchid mycorrhizal fungi, despite the limitations of NGS and sample preparation pipeline design (Rasmussen, 2002) .
We have performed a novel investigation of the Paphiopedilum spicerianum mycorrhizal fungal community in both orchid roots and the surrounding soil. In addition, we investigated the dynamics of the fungi over the wet and dry seasons., we subsequently compared the mycorrhizal fungi community in the wild relic population with a two year post-translocation population (XTBG) (Tupapac Otero et al., 2013) . Wet the analyses addressed the following: (1) Are fungal communities in orchid roots and the surrounding soil distinct from each other? (2) What soil factors exert a significant influence on the fungal community structure? (3) Two years post-translocation, have there been substantial changes to the fungal community? (4) Do Paphiopedilum spicerianum mycorrhizal fungi exhibit seasonal change?
Method and material

Study site
The wild population is located on an 80°slope of seasonally flooded river bank 10 m across from a coffee plantation at an elevation of 932 ± 4 m, in Pu'er City, Yunnan Province, Southern China. The location falls within the seasonal tropics. The annual average precipitation is 1100 mm, mostly concentrated in the wet season, May-October, followed by a dry season from November to April where the major hydrological force is fog drip (Liu et al., 2004) . The hottest month, June (25.6°C) and the coldest January (14.9°C) gives an annual average temperature at 22°C (Meng et al., 2010) .
Coffee plantations, which produce 5-6 tons annually, precipitated widespread conversion of natural lands over the past two decades such that very little natural forest remains.
Study species
Paphiopedilum spicerianum (Rchb. f) Pfitzer was first discovered in the 1880s as a terrestrial/ lithophytic orchid distributing from Assam, northeast India (Bhattacharjee and Dutta, 2010) . The flowering season in China starts from the end of the wet season and the beginning of the dry season, September-November. Based on observations of the current and historical recorded locations, Paphiopedilum spicerianum prefers habitats with low sunlight intensity and high soil moisture.
After the field investigation in 2012, 18 individuals were translocated to our research station, Xishuangbanna Tropical Botanical Garden (21°41 ′ N, 101°25 ′ E), Menglun at an elevation of 562 m. The climate in Menglun Township is very similar to the Pu'er habitat, with a hottest month of 25.6°C and coldest of 17.2°C, average of at 22.2°C and 1161.8 mm average annual rainfall (Yan and Zhang Licai, 2008) . The translocated individuals were planted into separated pots containing half mixed coconut husks and bark chips mix, and half original habitat soil with regular fertilization and irrigation weekly (Fig. 1). 
Sample collection
All samples were collected under the principle of minimizing habitat disturbance and avoiding jeopardizing the plant survival. Root and soil samples of the translocated population (XTBG) were harvested under the same protocol on 22 September 2014. From the Pu'er wild population habitat, 10 root samples and 13 soil samples were collected on 30th September, 2104, and another 10 root and 10 soil samples were collected on 7th April, 2015.XTBG.
Plant root and soil samples were collected within 1 m of an individual orchid. Depending on the condition of each plant individual, 1-2 sections of 3-5 cm long roots were harvested. Root samples were kept at low temperature in the field and were subsequently stored at −20°C on the same day of collection until DNA extraction. Soil samples were collected evenly from the surface (5 cm) around the plant. Samples for soil property analysis were air dried, sieved through 2 and 0.25 mm filters, and then sent to the Biogeochemical Laboratory, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, for pH, organic matter, carbon, nitrogen, phosphorous, potassium, calcium, magnesium, and soil particle composition analysis (Wilkinson et al., 1989; Husband et al., 2002) . Samples for soil fungal DNA extraction were also stored in −20°C until DNA extraction.
Molecular process
All DNA extractions were completed within 1 week after collection. Root samples were rinsed with tap water to remove soil and epidermis layers, sterilizing in 4% sodium hypochlorite for 2 min, dipped in 70% ethanol for 60 s, and washed thoroughly with sterile distilled water 3 times before the DNA extraction process . Fungal DNA extractions were performed according to the guidelines of the E.Z.N. A HP Fungal DNA Kit by OMEGA bio-tek for root samples and the PowerSoil DNA Isolation Kit by MO BIO Laboratories, Inc for soil samples. The primer pair, ITS 3(F) GCATCGATGAAGAACGCAGC and ITS 4OF (R) GTTACTAGGGGAATCCTTGTT, targeting the ITS2 region was selected based on Waud et al. (2014) and Blaalid et al. (2013) . PCR conditions were 3 min at 94°C, followed by 5 cycles of 30 s at 94°C, 20 s at 45°C, and 30 s at 65°C then 20 cycles of 20 s at 94°C, 20 s at 55°C, ending with 5 min at 72°C elongation. The extracted DNA samples were sent to Shangon Biotech (Shanghai) Co. Ltd. For next generation sequencing by Illumina MiSeq 2 × 300 sequencer and taxonomic classification through the UNITE database (Koljalg et al., 2013) .
Fragments generated by Illumina MiSeq 2 × 300 were assembled by pair-end and overlap check at 90% similarity sequencing using FLASH v. 1.2.3 and PRINSEQv. 0.2.0. 4 software to remove the primer tags, low quality sequences, and generate raw sequence reads. Non-targeted areas and errors in sequences were trimmed and corrected by pre-clustering with 1/150 maximum mismatching threshold setting and chimeras were removed by UCHIME in Mothur v. 1.30.1. The final cleaned sequences were categorized into different operational taxonomic units (OTUs) based on distance in UCLUST v. 1.1.579. The OTUs similar at 97% were classified into the same genera and those similar at 99% into the same species by using RDA classifier and the UNITE database for taxonomic assignments. Classified OTU and OTU abundance data were used for community structure analysis.
Statistical analysis
Statistical analysis was performed in R language (v.3.1.1) using the package vegan (Oksanen et al., 2013) . The fungal community dissimilarity and similarity, were analysed by using Non-metric multidimensional scaling (NMDS) and MultiResponse Permutation Procedures (MRPP). The correlations between fungal composition and corresponding environmental variables were projected by function envfit and NMDS. Shannon and Simpson Indices were used for diversity assessments. Student's T-test was used to detect the significant changes in soil variables between different seasons and habitats.
Results
General findings
Paphiopedilum spicerianum showed high adaptability to seasonal and environmental changes. The fungal communities in the orchid roots and surrounding soil were independent. The root fungal compositions were not significantly influenced.by the change of habitats and seasons.
The OTU reads in the soil samples were higher than in the root by at least 25% except for the XTBG group. With the least amount of OTUs detected, the dry season samples contained the highest amount of unclassified fungi and the lowest diversity. The Simpson Index results demonstrated a low evenness in the Pu'er root samples in both dry and wet seasons indicating dominant fungi species present in the roots. The XTBG root and soil fungal communities were evenly diverse as indicated by the lowest Simpson Index value (Table 1) .
There was a clear difference between the plant root and surrounding soil ( Table 2 ). The most abundant Tulasnellaceae in the root did not make up to even 1% of the soil fungi. The most abundant Tulasnella (12%) in the wet season root constituted only 1% of the surrounding soil community; the second most abundant genus in roots, Gilocladiopsis (10%) was also less than 1% in the soil (not shown in Table 2 ). While unclassified Tulasnellaceae composed 11% of the dry season root fungi, Tulasnellaceae OTUs occurred in less than 500 reads in the dry season soil samples (not shown in Table 2 ). The clear segregation in fungal community structures between the root and soil samples indicated that soil and root form two different microhabitats.
The presence, absence, and abundance of fungi reflected the soil conditions and fungal characteristics during different seasons. Cruentomycena, Sebacinaceae, and Tricholoma dominated during the wet season indicating that they were hydrophilic fungal genera while Tomentella and Thelephoraceae dominated in the dry season soil samples, suggesting higher drought tolerance of these fungi.
Seasonal dynamics
A clear difference between the root and soil fungal communities was detected by NMDS and MRPP analysis. However, comparing the root and soil fungal communities across the wet and dry season did not yield a significant dissimilarity based on MRPP (p-value = 0.54). Furthermore, the roots and soil communities also wet did not show seasonal differences, indicating that the seasonal effects were insignificant for fungal communities generally (Fig. 2) . A clear decrease in the fungal population density and a change in the dominant genera suggested that seasonal effects influenced the mycorrhizal community structures in the orchid roots. The dominant orchid mycorrhizal fungal genera was not consistent across the two seasons. Among common orchid mycorrhizal fungal genera, Tulasnella and Russula were significantly reduced in abundance in the dry season. This suggests that Tulasnella and Russula are more sensitive to environmental variables than other genera, (Fig. 3) .
Adaptation pattern
The fungal communities of Pu'er wet Soil, Pu'er wet Root, XTBG Soil, and XTBG Soil showed a significant dissimilar pattern with 0.004 MRPP test p-value (Fig. 4) . The differences were mainly caused by the differences between soil and root fungal communities and the soil fungal communities differences between Pu'er and XTBG.
The soil fungal community in XTBG was significantly different, 0.001 MRPP analysis p-value, from Pu'er wet season but not for the root community. This result suggested that the root fungal community was not altered by the change of surrounding. As the XTBG population was removed from the original habitat in 2012 to XTBG, the soil fungal communities could have been altered due to the addition of coconut husks and tree bark chips but the original fungal communities remained and continued in the plant roots despite the environmental condition had changed significantly. 
Soil factors
The soil in the Pu'er habitat was loamy and consisted of particles of sizes 2-0.05 mm (46.8 ± 9.4%), 0.05-0.002 mm (31.5 ± 6.2%), and 21.7 ± 4.4% of <0.002 mm, and was classified as loam. Twelve chemical factors were measured: pH, organic matter (O.M.), total nitrogen, carbon, phosphorous, potassium, calcium, magnesium (T.N., T.C., T.P., T.K., T.Ca, T. Mg.), hydrolysable nitrogen (Hy.N.), available phosphorous, potassium (A.P., A.K.), and water content (H 2 O). Between the two seasons, three compounds, T.P. (p-value = 0.023), Hy. N. (p-value = 0.002), and H 2 O (p-value = 5.1E − 05) displayed significant changes Two years after translocation, with regular irrigation, enrichment, and addition of growing media, 10 out of 12 XTBG soil factors were distinctively different from the original habitat, with pH and H 2 O the sole exceptions (Table 3) .
Soil water showed major seasonal differences and displayed a significant influence on the overall soil fungal communities but exerted no significant effect on the Pu'er root fungal community structure. Hydrolysable nitrogen showed a strong influence on overall, root and soil fungal community structures in both wet and dry season. O.M., Analysed soil factors: pH, T.N., T.C., T.P., T.K., T.Ca, T. Mg., Hy.N., A.P., A.K., and H 2 O.
* P < 0.05. ** P < 0.01. *** P < 0.0001.
Between XTBG and Pu'er wet season, all factors except pH showed various levels of influence on the overall and soil fungal community. Hydrolysable nitrogen and A.P. showed significant influence on both the root and the soil fungal communities (Table 4) . Water content and T.P. had a stronger influence on the soil fungal structure than on the root. Hydrolysable nitrogen was the only factor persistently showing a significant influence on fungal structure in different seasons and habitat conditions. Root fungal communities were influenced by less soil factors and mostly differed from the factors that influenced soil fungal communities at both the original and translocated habitats.
Orchid mycorrhiza communities
Comparison of the common orchid mycorrhizal fungal genera in root-soil paired samples in wet and dry season, and XTBG population demonstrated that Paphiopedilum spicerianum could partner with numerous fungal genera and even associate with several fungi simultaneously, suggesting high adaptability to environmental change and low specificity to mycorrhizal fungi in adult plant (Figs. 5 and 6) .
The XTBG population was watered and supplied with nutrient enrichment, but the highest orchid mycorrhizal fungi abundance was detected in the XTBG root samples. However, the genera of common orchid mycorrhizal fungi in XTBG roots were not as diverse as in the original Pu'er habitat root samples (Fig. 7) . 
Discussion
Assessments of entire fungal communities from different seasons and habitats indicated that overall the fungal communities were not sensitive to seasonal changes within a given habitat but were to changes in habitats. However, the translocated root fungal community was not significantly different from the original wild root fungal community, suggesting the independence of the two fungal communities (soil vs. root) and compartmentalization between plant roots and soil. Hydrolysable nitrogen was a significant factor for both root and soil fungal communities while total phosphorous and water content were more significant on soil fungal communities. Investigating fungal diversity using NGS demonstrated that adult Paphiopedilum spicerianum could associate with a wide range of orchid mycorrhizal fungi and seemed highly adaptable to environmental changes, particularly to drought and flood.
The significant reduction of OTU reads during the dry season suggested that orchid-fungal interaction was closely related to the phenology and different nutrient requirements of P. spicerianum. A high abundance of orchid mycorrhizal fungi detected in the orchid roots at XTBG which received regular fertilizer and irrigation suggested the possibility of an alternative relationship between orchids and their mycorrhizal fungi (see below).
Note that this study was based on an extremely small plant population of 38 wild individuals, but collecting the samples without damaging the habitat and the overall survival prospects for the wild population of orchids was a guiding principle. Statistical power was therefore weak, yet trends and significant differences were still detected.
The specificity of orchid relationships has been tested for both pollination and mycorrhizal fungi to understand the distribution pattern of some orchid species (McCormick and Jacquemyn, 2014; Pauw and Bond, 2011) . Shimura et al. (2009) showed that plant distribution extent could be inversely associated with the specificity of the mycorrhizal fungi community; that is, widely distributed orchids demonstrated a narrow range of mycorrhizal fungi associations, while narrowly distributed orchids associated with a broad range of fungi (Pandey et al., 2013) . Distributional patterns seemed to be associated with pollinator specificity more than fungal specificity. The results in this study also suggest that mycorrhizal fungi specificity does not limit the distribution and population size of P. spicerianum in China.
Numerous studies (Leake, 2005; Rasmussen and Rasmussen, 2009) have shown that the orchid-fungus relationship may actually represent orchid parasitism of the fungus during the seed germination and protocorm development stages, which tend to be critically reliant on nutrients. The increase in mycorrhizal fungal detection in XTBG root samples with fertilizer enrichment implies that besides parasitizing fungi for nutrients, orchids may also provide protection for mycorrhizal fungi (Bruns, 1997; Redman et al., 2001 ). Orchid-mycorrhizal fungal relationships used to be considered narrowly related to the endomycorrhiza, Rhizoctonia (Rasmussen, 1995) , but recent studies have shown that orchids can associate with ectomycorrhizal fungi or non-Rhizoctonia endomycorrhizal fungi (Matsubara et al., 2012; Oliveira et al., 2014) . Low specificity to abiotic and biotic factors increases the likelihood of success in orchid conservation.
Despite the absence of a significant alteration in overall fungal structures between seasons, a shift in composition and reduction in the most abundant fungal genera were observed. This suggests that the dynamics of fungal communities and sensitivity to the environment are more unpredictable than originally anticipated. The change of dominant genera between the dry and wet seasons suggests that orchids could alter the mycorrhizal structure depending on different needs for nutrient supplies at the growth and flowering stages (Wagner et al., 2014; Hou et al., 2010) . The noticeable reduction in Russula and Tulasnella OTU reads in the dry season roots suggests that the nutrient supplies from these two fungal genera could be closely related to the phenology of Paphiopedilum spicerianum. The needs of beneficial fungi vary with the availabilities of nutrients (Dijk and Eck, 1995) . Therefore, fungi with stronger ability to utilize certain nutrients could grow when specific requirements from plant hosts increase (Avis et al., 2003) .
The compartmentalization of fungal communities between root and soil was expected. The plant can develop defencive mechanisms that exclude most pathogens and undesirable soil microorganisms (Herrera et al., 2010; Chomicki et al., 2014) . Many studies have shown that soil microorganisms are highly compartmentalized and niche-specific in a complex ecosystem to reduce competition (Jacquemyn et al., 2015; Reynolds et al., 2003) .
Soil microbes have been used as indicators of soil conditions to monitor the changes in horticulture conditions (Manici and Caputo, 2010; Dickie et al., 2009 ) and could be similarly used for translocation and reintroduction plans. As Tricholoma, Sebacinaceae, and Tomentella are known to be beneficial mycorrhizal fungi to their plant hosts (Vaario et al., 2012) , the abundance of these fungal genera could be used to select suitable translocation sites. Furthermore, detection of a low density of Tricholoma and Sebacinaceae in the dry season may indicate low moisture soil, which is not a favourable condition for Paphiopedilum spicerianum, and should be avoided.
Although the biotic and abiotic requirements for establishing a viable orchid population at a new location are not entirely clear at this point, translocation is still the best choice for protecting the single population of Paphiopedilum spicerianum in China. Liu et al. (2012) successfully translocated orchids out of their original distribution range suggesting that these orchids might be highly adaptable to environmental change. Further elucidation of the ecological functions of each fungal taxon and a clear classification and phylogenic analysis to fully clarify the roles and relationships between fungi, soil, and plant ecosphere is still needed (Standing et al., 2007; Yang et al., 2010; Merckx, 2012) . Conservation species with small populations species raises concerns about minimal viable population size and inbreeding depression affecting in situ reintroduction plans (Matthies et al., 2004) . Although many plants, including highly invasive species, can reproduce asexually with little evidence of inbreeding depression, the maintenance of high genetic diversity would be preferable (Reed and Frankham, 2003) . Asymbiotic germination and tissue culture could be efficient at increasing the population size but ultimately, symbiotic germination with higher seedling survival rate is still the key for the successful conservation of rare orchid species. Our findings help pinpoint the soil conditions necessary for symbiotic germination.
Conclusion
The results of this study suggest that Paphiopedilum spicerianum is capable of associating with a wide range of fungi and is highly tolerant of drought and environmental change in the adult plant stage. Soil factors, hydrolysable nitrogen, phosphorous, and water were the most important abiotic influences on the fungal community structure but the actual reason causing the shift of dominant genera merits additional examination. Currently, the prime threat to the single wild population is the frequent anthropogenic activities at the unprotected location, The translocation of Paphiopedilum spicerianum with established mycorrhizal fungi in the roots should increase the survival rate of the plants. Studying the fungal relationship at the seed germination and protocorm development stage is also needed to ensure the reproductive success under translocation.
